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Abstract 
Microcystis blooms were simulated in the experiments through controlling the initial phosphor and nitrogen 
concentrations, and the complex of environmental and nutrient conditions, respectively. The results show that the 
differences of measured and saturated dissolved oxygen vary corresponding to the concentrations of chlorophyll a, 
which indicates that the variation of dissolved oxygen is mainly owing to Microcystis photosynthesis, respiration and 
death decomposition processes. The correlations for the differences of measured and saturated dissolved oxygen and 
the concentrations of chlorophyll a are mostly significant. The dynamic model for dissolved oxygen based on the 
growth kinetics of phytoplankton could be displayed by the exponential model. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Since the impoundment of Three Gorges Reservoir (TGR) in 2003, its hydraulic conditions and 
aquatic environment have changed significantly, resulting in the emergence of eutrophication and algal 
blooms in some tributaries of TGR every year [1-2]. It is well known that the blue-green algal bloom had 
broken out in Xiangxi Bay of TGR in the summer of 2008 [3]. The blue-green algal blooms have also 
occurred in lakes of Taihu [4-6], Chaohu [7-9] and Dianchi [10-12], as well as in TGR. These blue-green 
algae can grow rapidly in the environment of slow flow, proper water temperature, good underwater 
illumination, and enriched nutrients (e.g. phosphorus and nitrogen) [13]. Decaying algae then sink to the 
bottom and cause oxygen depletion, leading to eutrophication and algal blooms. And the oxygen 
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depletion rendered by decaying algae will further induce heterotrophic conditions in the riverine sections  
and cause a dysfunction of the whole aquatic ecosystem[14-15].  
There are a large number of studies on the blue-green algal bloom in the world. The Microcystis is one 
of the typical dominant species. Dissolved oxygen is used to indicate the water quality when the 
Microcystis bloom occurs. Oxygen can increase due to phytoplankton photosynthesis and reaeration, and 
decrease owing to phytoplankton respiration, organic matter oxidization, nitrification and sediment 
decomposition, which should be considered in the research of Microcystis algal bloom [16]. In this paper, 
Microcystis blooms are simulated in the experiments through controlling the initial phosphor and nitrogen 
concentrations, and the complex of environmental and nutrient conditions, respectively. The variations of 
dissolved oxygen in the series experiments are analyzed in order to find the main process which affects 
the variation of dissolved oxygen. In addition, the dynamic model for dissolved oxygen are built and 
parameterized from the results of experiments. The results can provide help for researches of algal bloom. 
2. Materials and methods 
2.1. Algae species and algae aggregates 
Microcystis in the experiments was provided by the Institute of Hydrobiology (IHB), Chinese 
Academy of Sciences and cultured by a nutrient medium of BG-11 (the recipe was provided by the IHB). 
The water temperature was 25±1 °C, illumination time was 12 h·d-1, and light intensity was about 2200 lx 
when the cultivation was undertaken.  
When the algae cell number increased to exceed 106 per ml liquid, the algae aggregates were 
centrifuged under condition of 3000-4000 r·min-1 for 5-10 min in the 10 ml centrifuge tube. Moreover, 
the settlings were collected and diluted with 15 mg·L-1 NaHCO3 solution [17]. The process was carried 
out twice in order to remove the nutrients adhered to the algae cell. After that, the aggregates were 
prepared for the following experiments.   
2.2. Design of the experiments 
The length, width and depth of the facilities for the experiments are 70 cm, 40 cm and 17 cm, 
respectively. Tap water and algae aggregates were put into the facilities. Pure water was replenished into 
the facilities due to sampling and evaporation losses and the water depth should be 10 cm. In the water of 
facilities, the initial phosphor and nitrogen concentration, and the complex of environmental and nutrient 
conditions were controlled as follows. 
ķThe experiments for the different initial phosphor concentration 
In these experiments, the pH value was about 8.6 regulating by 0.1 mol·L-1 NaOH solution. The initial 
nitrogen concentration was about 3.6 mg·L-1.The air temperature and relative air humidity were about 20-
23 ć and 60-70 %, respectively. The illumination was 2500-2700 lx supplying by fluorescent lamp. The 
illumination time was 24 h·d-1.The water temperature was 28.0±1 ć controlling by insulated electric rods.  
Moreover, the initial phosphor concentrations were 0.017 mg·L-1, 0.140 mg·L-1, 0.616 mg·L-1, 1.724 
mg·L-1 and 5.591 mg·L-1, respectively, adjusted by KH2PO4.The numbers are P1 #-P5 #. 
ĸThe experiments for the different initial nitrogen concentration 
The conditions including the pH value, air temperature, relative air humidity, illumination, 
illumination time and water temperature were similar, whereas, the initial nutrients were different, for 
which, the initial phosphor concentration was 0.5mg·L-1, and the initial nitrogen concentrations were 
0.360 mg·L-1, 1.819 mg·L-1, 4.083 mg·L-1, 24.568 mg·L-1 and 45.897 mg·L-1, respectively. The numbers 
are N1#ˉN5#. 
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ĹThe experiments for the complex of environmental and nutrient conditions 
The conditions were similar, except that four factors namely water temperature, illumination, the initial 
phosphor and nitrogen concentrations were set according to the orthogonal design requirements of L9(34). 
The levels for initial phosphorus concentration are 0.1 mg·L-1, 0.4 mg·L-1 and 0.8 mg·L-1, for initial 
nitrogen concentration are 1.0 mg·L-1, 3.6 mg·L-1 and 10.0 mg·L-1, respectively. The sets for water 
temperature are respectively 21-22°C, 25-26 °C, and 29-30 °C. In addition, there also are three levels for 
irradiance to be 1600-1700 lx, 2200-2300 lx and 3300-3400 lx.  
2.3.  Sampling and Analysis 
Sampling was performed at nine o’clock every day. The parameters analyzed include water 
temperature (WT), dissolved oxygen (DO), the solubility of total phosphorus (DTP), the solubility of total 
nitrogen (DTN), and chlorophyll a (Chl-a).Among these parameters, WT and DO were shown 
respectively by the water temperature and gauge dissolved oxygen meter. DTP and DTN were analyzed 
according to methods of GB 11893-89 and GB11894-89. Concentration of Chl-a was measured by 
acetone extraction method [18]. 
3. Results and Analysis 
3.1. Variations of DO 
The differences between the measured and saturated dissolved oxygen in the processes of experiments 
were shown in Fig. 1(a)-3(a). Meanwhile, the variance of Chl-a concentration with time in the 
experiments also was displayed in Fig. 1(b)-3(b). From the figures, we know the difference of DO varied 
corresponding to Chl-a concentration, which rose up to peak firstly, and declined subsequently. However, 
the peak of Chl-a concentration occurred ahead of that for DO difference. For the experiments of initial 
phosphor concentration (Fig. 1(a) and 1(b)), the peak of Chl-a concentration for the run P3# occurred at 
the 7th day, while, the difference of DO climbed to the peak at the 8th day. Algae was undergrowth 
without algal bloom for the run P1#, correspondingly, the difference of DO was low and negative except 
during the 3rd to 10th day. For the later stage of this experiment, the algae cell died leading to yellow water 
and decline of measured DO. The measured DO increased rapidly from the 5th day for the run P5#, which 
is owing to algae cell growing fast with booming photosynthesis. Therefore, DO depends on reaeration 
before the algal bloom occurs while the difference of DO is low, whereas, photosynthesis providing 
oxygen dominates in the algae cell logarithmic growth, while the difference of DO rises rapidly. When 
the algae cell grows across stable stage and comes into degeneration stage, the difference of DO decreases 
with low measured DO. The photosynthesis and respiration are concomitant, and the respiration 
predominates, after while, lots of algae cells die and decompose which consumes plenty of oxygen, 
therefore, the difference of DO declines rapidly in the degeneration stage.       
The results from Fig. 2 are similar to those from Fig. 1. The algae cells grew well in runs N5# and N4#, 
with high Chl-a concentration and measured DO. In comparison, for the runs N1# and N2#, algae cells 
were undergrowth, and the Chl-a concentration was low, which leading to low measured DO. Fig. 3 
displayed the variances of DO difference and Chl-a concentration in the experiments the complex of 
environmental and nutrient conditions. It addressed that the DO difference and Chl-a concentration for 
runs M8#, M6#, M5# and M9# were higher, but the peak occurred asynchronously.  
Therefore, photosynthesis providing oxygen, respiration consuming oxygen, and death decomposing 
oxygen are predominately in the experiments. In comparison, reaeration process can be ignored. The 
difference of measured and saturated DO can be considered as the content of photosynthesis proving 
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oxygen proximately. The issue that whether variance of DO is the reason or the result of eutrophication 
and algal bloom attracts a large number of discussions in the previous studies [17,19-20]. The results in 
the series of experiments confirm into that variance of DO is the result of eutrophication and algal bloom, 
rather than reason. 
 
 
Fig. 1. (a) DO difference variance under initial phosphor concentration; (b) Chl-a variance under initial phosphor concentration. 
 
Fig. 2. (a) DO difference variance under initial nitrogen concentration; (b) Chl-a variance under initial nitrogen concentration. 
 
Fig. 3. (a) DO difference variance under complex conditions; (b) Chl-a variance under complex conditions. 
(a) 
(a) 
(a) (b) 
(b) 
(b) 
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3.2. Correlation analysis between the DO difference and Chl-a concentration 
The correlation analysis between the DO difference and Chl-a concentration was undertaken. The 
results show that DO difference and Chl-a are correlated significantly for lots of runs, such as P5#, N2#, 
N3#, M1#, M6#, M7#, M8# and M9#. The correlative coefficients are 0.655, 0.653, 0.684, 0.750, 0.913, 
0.722, 0.683, and 0.877, respectively, higher than 0.6, which means the results are acceptable. In addition, 
there are more significant correlations between the DO difference and Chl-a concentration for the 
experiments of complex conditions than those for the others. 
3.3. Dynamic model of dissolved oxygen 
There are lots of models for prediction of DO in aquaculture water [21-23], and oxidation pond 
[24]. The oxygen balance equation for the growth of phytoplankton kinetics in the eutrophication models 
is followed [25]: 
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where: the first part on the right-hand side means the phytoplankton photosynthesis producing oxygen, 
the second means phytoplankton respiration consuming oxygen, the third is reaeration supplying oxygen, 
the fourth is consumption oxygen from organic matter oxidization,  the fifth is consumption oxygen from 
nitrification, and the last is consumption oxygen from sediments decomposition. According to the 
analysis in section 3.1, equation (1) can be simplified to: 
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In addition, we have: 
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where: the first part on the right-hand side is phytoplankton growth to absorb nitrogen, the second is loss 
nitrogen from phytoplankton death, and the third is loss nitrogen from phytoplankton settlement. 
Each parameter in the equations (2) - (3) was interpreted in Table 1, as well as the unit for the parameters 
(Wool et al., 2006). 
The nitrogen nutrient in the present experiments is nitrate rather than ammonia, so the reference for 
ammonia uptake term should be ignored.  If the growth rate constant of phytoplankton is 0.2, and each 
symbol in the above table is taken into the equation (2), we have:  
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The settlement of phytoplankton is not considered in the experiments, and the equation (3) is 
simplified to:  
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Combined Equation (4) and (5), we have: 
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The measured dissolved oxygen was used to calibrate the coefficients c1, c2, c3 in the equation (6). The 
results are as follow in Table 2.  
Table 1. Oxygen balance reaction terms.  
Description Notation  Values  Units  Description Notation  Values  Units  
DO 6C   mg O2·L
-1 Time  t  day 
Growth rate constant 
of phytoplankton pG  0.1-0.5 day
-1 N/C nca  0.25 
mg N·mg 
C-1 
Reference for 
ammonia uptake 
term 
3NH
P  5.30 - 
Carbon in 
phytoplankton 4C   mg C·L
-1 
Respiration rate 
constant of 
phytoplankton at 
20Ԩ 
Rk1  0.125 day
-1 Temperature coefficient  R1T  1.045 - 
Growth rate constant 
of specific 
phytoplankton  
'
pG  5.2 day
-1 
Settling rate 
constant of 
phytoplankton  
pD  5.14 day
-1 
Organic matter 
setting velocity 3sv  - m·day
-1 Average water depth D  m 
Water temperature  T  ºC     
Table 2. Parameters for dynamic model of dissolved oxygen in experiments of Microcystis.  
Sample 
No. 1c  2c  3c  
Coefficient of 
determination 
2r  
Sample 
No. 1c  2c  3c  
Coefficient of 
determination 
2r  
P1# 19.65 1.12 -12.40 0.35 M1# 12.44 0.64 -4.34 0.67 
P2# 43.53 3.30 -35.22 0.61 M2# 2.67 -0.57 6.20 0.16 
P3# 58.19 4.78 -50.46 0.63 M3# -0.15 -0.83 8.70 0.32 
P4# 36.48 2.39 -26.37 0.53 M4# 10.00 -0.13 0.10 0.09 
P5# 19.77 1.58 -13.71 0.42 M5# 30.30 2.58 -24.62 0.52 
N1# 13.20 0.20 -3.67 0.66 M6# 19.77 2.06 -13.68 0.92 
N2# 37.78 2.82 -29.87 0.58 M7# 15.00 0.67 -7.53 0.14 
N3# 54.84 4.57 -47.51 0.69 M8# 55.51 4.84 -48.93 0.57 
N4# 57.50 4.92 -49.99 0.64 M9# 20.86 2.10 -15.17 0.89 
N5# 56.56 5.02 -49.90 0.67      
From Table 2, we know that the results calibrated with the measured dissolved oxygen are acceptable, 
for which, 68% of the coefficient of determination is greater than 0.5. Moreover, the coefficients of 
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determination for the experiments of complex conditions are relatively low. Therefore, the forecast model 
for dissolved oxygen in the experiments should be expressed by the exponential equation.  
4. Conclusions 
In this study, Microcystis blooms were simulated in the experiments through controlling the initial 
phosphor and nitrogen concentrations, and the complex of environmental and nutrient conditions, 
respectively. The variations of dissolved oxygen in the series experiments were analyzed. The results 
show that the difference between the measured and saturated dissolved oxygen corresponds to Chl-a 
concentration. The dissolved oxygen varies mainly due to Microcystis photosynthetic producing oxygen, 
respiration consuming oxygen and death decomposing oxygen. Moreover, The correlation analysis 
displays that DO difference and Chl-a concentration are correlated significantly for the runs of P5#, N2#, 
N3#, M1#, M6#, M7#, M8# and M9#, for which, the correlative coefficients are 0.655, 0.653, 0.684, 
0.750, 0.913, 0.722, 0.683, and 0.877, respectively, higher than 0.6, which means the results are 
acceptable. In addition, the dynamic model for dissolved oxygen based on the growth kinetics of 
phytoplankton was built. The parameters for the model were calibrated with the measured dissolved 
oxygen in the experiments, and the results are acceptable. Most of the coefficients of determination are 
greater than 0.5. Therefore, the forecast model for dissolved oxygen in the experiments should be 
expressed by the exponential equation. The results can provide help for researches on algal bloom.   
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